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Abstract 
This thesis presentes new core design concepts of Super Fast Reactor (Super FR), 
which is cooled by supercritical light water, through neutronics and thermal-hydraulics 
coupled three dimensional core calculations. The thesis includes investigations on 
fundamental design issues with Super FR, which utilizes seed and blanket fuel assemblies, 
for attaining both high core outlet temperature and high Pu breeding performance. Based 
on the investigations, an axially heterogeneous core design concept is developed with the 
new concept of fuel shuffling in multi-axial layers. This thesis consists of the following 
five chapters.  
Chapter 1 states the background, necessity, and objectives of current study. Light 
Water Reactors (LWRs) have been established as the major source of electric power 
supply with the most abundant operation experience around the world. However, they 
are generally not regarded as the ultimate sustainable source of energy, because of their 
limited ability to utilize the uranium resources due to low efficiency in converting fertile 
238U to fissile 239Pu and low thermal efficiency. The SuperCritical Light Water Reactor 
(SCWR) operates under supercritical condition of light water and does not exhibit coolant 
phase change (boiling), which limits the core outlet temperature. Hence, SCWR may be 
regarded as evolutional concept of the current LWR, which can greatly improve 
sustainability of light water-cooled reactors with high thermal efficiency. Super Fast 
Reactor (Super FR) is the fast reactor version of SCWR, which is intended to achieve 
high conversion efficiency of fertile 238U to fissile 239Pu.  
Development of Super FR concept, which is compatible with both high breeding and 
high thermal performance (high outlet temperature and large thermal power), may be one 
of the solutions towards such long-term sustainability, but such design concept has never 
been shown in the history of SCWR research and development. In the preceding studies, 
Super FR core design concepts were developed with seed and blanket fuel assemblies to 
promote conversion of fertile 238U to fissile 239Pu in the blanket assemblies by utilizing 
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excess neutrons generated by the seed assemblies. Issues for attaining both high 
breeding and high outlet temperature with such radially heterogeneous core design 
concepts need to be investigated. It is discussed that fluctuations in the core radial power 
distributions during the operation cycle, due to the radial heterogeneity of the core, leads 
to mismatch between the coolant flow rate and the power distributions and reduces the 
average outlet temperature. 
To overcome the issues with the radially heterogeneous core designs, an axially 
heterogeneous core design concept, which consists of alternative arrangement of seed and 
blanket layers, is proposed. Furthermore, a new concept of fuel shuffling in multi-axial 
layers is proposed to promote conversion efficiency of the core. 
Thus, this study aims to clarify the main issues associated with improvement of the 
Super FR core design with respect to both the neutronics characteristics (primarily, 
breeding capability, which is represented by CSDT) and the thermal-hydraulics 
characteristics (average core outlet temperature) and to show the improved design 
concepts. This study is focused on two different heterogeneous design concepts using 
seed (MOX) fuels and blanket (depleted uranium) fuels. Firstly, the radially 
heterogeneous core design concept is considered, which consists of seed fuel assemblies 
and blanket fuel assemblies. Secondly, the axially heterogeneous core design concept is 
considered with the new design concept of fuel shuffling in multi-axial layers. 
Chapter 2 describes the core design method. The basic design criteria for conceptual 
development of SCWR core are considered. Namely, the negative void reactivity (positive 
coolant density) coefficient for ensuring inherent safety of the core, the maximum linear 
heat generation rate (MLHGR) of 39 kW/m for ensuring fuel integrity and the maximum 
cladding surface temperature (MCST) of 650 °C for ensuring sufficient core cooling. As 
a target parameter of breeding performance, the Compound System Doubling Time 
(CSDT) is evaluated. It indicates required time to double energy output (i.e., total capacity) 
of the installed reactors by using excess fissile materials gained from breeding. The core 
average coolant outlet temperature is the other design target parameter. 
 
 
Neutronics and thermal-hydraulics coupled three-dimensional core calculations are 
utilized to evaluate the core characteristics, which incorporates all the design parameters 
discussed in this thesis.  
Chapter 3 discusses investigation of attaining high breeding and large power density 
with the heterogeneous core arrangement, which consists of seed and blanket fuel 
assemblies. The results show that significant improvement is possible with respect to the 
core thermal-hydraulic characteristics with minimal deterioration of CSDT by replacing 
tightly packed fuel assembly (TPFA) with the commonly acknowledged hexagonal tight 
lattice fuel assembly (TLFA). It is also found that for further design improvement with 
respect to core enthalpy rise requires reduction in the  radial power swing and power 
peaking. 
Chapter 4 discusses the new core design concept with fuel shuffling in multi-axial 
layers. The core is radially homogeneous to attain uniform core cooling. Furthermore, the 
core is axially divided to two layers and fuel shuffling was considered in each of the two 
axial layers independently to improve breeding performance. Firstly, preliminary design 
studies are conducted with four layers core, consisting of the lower seed, lower blanket, 
upper seed and the upper blanket layers. The investigations show that increasing upper 
blanket fuel batch number effectively increases neutron flux and promotes breeding when 
fuel depletion is assumed the same along the axial direction of the core. To further 
investigate the concept, a five layers core is considered, which consists of the lower 
blanket, lower seed, inner blanket, upper seed, and the upper blanket layers. Independent 
fuel shuffling is applied to the upper or the lower blanket layer to reveal potential 
difference due to different fuel depletion histories. The results indicate that Compound 
System Doubling Time (CSDT) can be improved by discharging blanket fuels at low 
burnup. However, limitation in the improvement is also revealed as the independent fuel 
shuffling is currently applied to only one of the three blanket layers. More investigations 
may be necessary to further develop the concept, which achieves both high breeding and 
high core outlet temperature. 
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Chapter 5 gives conclusions of this thesis. This thesis has revealed the main issues 
associated with improvement of the Super FR core design with respect to both the 
neutronics characteristics (primarily, breeding capability, which is represented by CSDT) 
and the thermal-hydraulics characteristics (average core outlet temperature) and have 
shown the improved design concepts.  
Large heterogeneity with seed and blanket is necessary to achieve high breeding with 
supercritical water cooling, because of some inevitable neutron moderations. Such 
heterogeneity is the cause of deterioration in thermal performance, namely the core 
average coolant outlet temperature, when seed and blanket assemblies are arranged, due 
to power to flow mismatch by power swing of these fuel assemblies. The alternative 
approach of configuring a core with seed and blanket layers in the axial direction of the 
core can avoid such problems. Furthermore, the concept of fuel shuffling in multi-axial 
layers can improve compound system doubling time (CSDT) of the core by allowing 
discharge of blanket layers at appropriate burnup. Due to the large coolant density change 
in the core axial direction, one way to promote breeding with this concept is to apply 
small fuel batch number to the lower blanket independently from the rest of the core. 
However, limitation in the improvement is also revealed as the independent fuel shuffling 
is currently applied to only one of the three blanket layers. More investigations may be 
necessary to further develop the concept, which achieves both high breeding and high 
core outlet temperature. 
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CHAPTER 1  INTRODUCTION 
1.1 Background 
As of July 2018, according to International Atomic Energy Agency (IAEA, 2018), there 
are 453 nuclear power reactors with the total net electrical capacity of 397,649 MW 
operating among 30 different countries (IAEA, 2018). Among these reactors, 297 reactors 
are Pressurized Light-Water Moderated, and Cooled Reactor (PWR) and 75 reactors are 
Boiling Light-Water Cooled and Moderated Reactor (BWR). These Light Water Reactors 
(LWRs) constitute to about 89 % of the net electrical capacity. Thus, LWRs have been 
established as the primary source of the power supply (electricity) with the most abundant 
operation experience around the world. 
However, they are generally not regarded as the ultimate sustainable source of energy. 
The major reason is limited ability to utilize the uranium resources due to low conversion 
ratio (Edlund 1975; Oldkop et al.,1982; Broeders and Dalle Donne, 1985;Brogli et 
al.,1993;Shelley et al.,2003). That is, the rate at which abundant fertile 238U is converted 
to fissile 239Pu is much lower than the rate at which fissile 235U is consumed by these 
reactors (the ratio is much smaller than unity). Such feature is essentially determined by 
the soft neutron spectrum of the core (thermal neutrons primarily govern i.e., fission 
reactions), due to moderation of neutrons by the coolant (light water). Moreover, the 
thermal efficiency of LWR is low (typically about 33 to 35 %) (Sofu, 2015), compared 
with some advanced reactor designs such as that of SFR is about 40 % (Sofu, 2015) and 
High-Temperature Gas Cooled Reactor is about 45-50% (IAEA, 2010). The low thermal 
efficiency is primarily due to the low main steam temperature, which is limited by the 
saturation temperature of the steam. Thus, these features (low conversion ratio and low 
thermal efficiency) indicate relatively poor efficiency of LWR for utilizing the natural 
1 
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uranium resources and indicate the area where further research and development may be 
necessary. 
Under such circumstances, some countries with established nuclear power 
infrastructures consider commercial use of a Sodium-cooled Fast Reactor (SFR) as an 
attractive option to secure a sustainable source of energy as its conversion ratio can be 
larger than unity (i.e., the rate at which fissile materials are produced is greater than the 
rate of consumption) (Thomas et al., 2010). This feature is mainly determined by the hard 
neutron spectrum of the core (i.e., fission reactions are primarily governed by fast 
neutrons in the core). The intended scenarios often assume gradual replacement of the 
currently operating light water reactors (LWRs) with FBRs, which utilize enriched 
plutonium (Pu) as fuel (IAEA, 1998). In such scenarios, the rate where FBRs can be  
introduced is limited by breeding performance of the reactor, because sufficient amount 
of fissile Pu is required to start up the reactors while Pu supply is bounded by the rate at 
which it can be provided in those reactors if there is not enough stock of Pu (Walter et al., 
2012). Hence, high breeding SFR designs have been studied as sodium can effectively 
cool the core without slowing down the neutrons (Thomas et al., 2010; Kazumi Aoto et 
al., 2011). However, it looks that still more effort is required to overcome difficulties with 
the handling of chemically reactive sodium as a coolant and simplify the complex and 
large plant system to gain economic competitiveness. 
In the meanwhile, extensive research has been conducted on the development of light 
water reactors for improving sustainability with improved conversion efficiency from 
238U to 239Pu. However, because of unavoidable neutron moderation by the coolant, most 
of the PWR type design concepts were high conversion type reactors (M.C. Edlund, 1975; 
Oldekop et al., 1982; Broeders and Dalle Donne, 1985; Brogli et al., 1993; Shelley et al., 
2003). In these studies, neutron moderation was reduced by adopting tight lattice fuel 
bundles, which reduced moderator to fuel volume ratio. Moreover, a fertile blanket, which 
was consisted of 238U was used. As a result, these PWR type reactors could convert 238U 
to 239Pu more efficiently compared with typical LWR, but the conversion ratio was still 
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below unity (ranged from 0.75 to 0.97).  
Some BWR type concepts aimed to achieve breeding (i.e., conversion ratio to be higher 
than unity) by further reducing the coolant to fuel volume ratio by increasing core average 
void fraction (i.e., by reducing core average coolant density) (Iwamura et al., 2006; EPRI., 
2012). However, these studies did not focus on achieving high breeding in terms of 
shortening the transition period. For example, one of the indices of breeding performance 
is the Compound System Doubling Time (CSDT), which indicates required time to 
double energy output (i.e., total capacity) of the installed reactors by utilizing excess 
fissile materials gained from breeding (Walter et al., 2012). CSDT of one of the BWR 
type breeder reactor concept, Reduced Moderation Water Reactor (RMWR), was 
estimated to be about 245 years (Someya and Yamaji, 2016) and no further studies seem 
to have been conducted to investigate the possibility of reducing CSDT.  
Hence, there may be a significant impact on the outlook of the long-term sustainability 
of nuclear power, if possibility of improving breeding performance and thermal efficiency 
of a nuclear reactor with light water cooling can be shown.  
 
1.2 SuperCritical Light Water Reactor (SCWR) 
 The SuperCritical Light Water Reactor (SCWR) may be regarded as an evolutional 
concept of the current LWR, which can significantly improve the sustainability of light-
water-cooled reactors. The main feature of the concept is that the reactor operates at 
supercritical condition of the coolant (light water), where is above the pseudo-critical 
point (above 22.1 MPa and 374 °C for water), the fluid (water) does not exhibit clear 
distinction between liquid and gas (i.e., no boiling phenomenon is observed as the fluid 
temperature is raised across the pseudo-critical point) (Oka et al., 2010; Schulenberg et 
al., 2012; Oka et al., 2014). As a result, the core is cooled with single-phase flow, and 
there is no critical heat flux under normal operation condition. Hence, the core outlet 
temperature is not limited by the saturation temperature of the coolant and the entire 
coolant can be directly fed to the turbine to realize “once-through direct cycle” plant 
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system with high steam temperature, which leads to great improvement in the thermal 
efficiency (about 43 – 48 %) (IAEA, 2014) as well as great simplifications of the plant 
system, because there is no need to separate water from steam. Thus, as shown in Fig 1., 
the plant system of SCWR becomes simple. Moreover, the concept also allows designing 
of both the thermal spectrum reactor and the fast spectrum reactor with the same plant 
system, because the coolant density becomes low above the pseudo-critical temperature 
(Oka et al., 2010; Oka Y et al, 2013;Yoshida T. et al, 2013). 
Super Fast Reactor (Super FR) is the fast reactor version of SCWR, which is intended 
to achieve efficient use of the uranium resources by increasing the thermal efficiency and 
conversion ratio. Earlier works of Super FR focused on raising the core average coolant 
outlet temperature to about 500 °C, which was desired from the viewpoint of attaining 
high thermal efficiency of the reactor system (Mukohara et al., 1999; Cao et al., 2008; 
Liu and Oka., 2015). In these studies, heterogeneous cores were designed with seed and 
blanket concept. That is, the cores were consisted of fuel assemblies with Mixed Oxide 
(MOX) fuel (seed assemblies) with enriched Pu for generating power and fission neutrons 
and blanket fuel assemblies, which consisted of depleted uranium for promoting 
conversion of 238U to 239Pu. Hexagonal fuel assemblies with tight lattice fuel bundle was 
adopted to minimize coolant flow channel area. The key design issues with these designs 
were raising the coolant outlet temperature from each fuel assembly by matching the 
coolant flow rate to the power of the fuel assembly. Hence, each fuel assembly was 
equipped with hexagonal channel box so that there was no cross flow between adjacent 
fuel assemblies and coolant flow rate to each fuel assembly could be determined by 
designing the inlet orifice pressure loss.  
Moreover, downward flow cooling in the blanket assemblies was considered, which 
was necessary to avoid mixing of low temperature coolant from the blanket assemblies 
with the hot coolant from the seed assemblies, so that the core average outlet temperature 
could be kept high. The main difficulty to raise coolant outlet temperature of the blanket 
assembly was because of significant increase of the blanket assembly power due to the 
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buildup of fissile Pu during the operation cycle. Hence, large flow rate had to be designed 
to match the peak power of the blanket, which implied that the mismatch of the flow rate 
to the power was large during the cycle of operation. 
However, adoption of such complex coolant flow scheme led to necessity to perform 
complex safety analyses (Ikejiri et al., 2010) and also the necessity to develop heat 
transfer database and correlations with downward flow cooling (IAEA, 2014). Moreover, 
breeding capability of Super FR was not investigated in detail. 
More recently, some studies investigated breeding capability of Super FR by raising 
the core inlet temperature and utilizing the low coolant density above the pseudo-critical 
temperature. In order to further reduce moderator to fuel volume ratio in the core, the 
concept of Tightly Packed Fuel Assembly (TPFA) was proposed, in which fuel rods are 
tightly packed in a hexagonal lattice such that the rods are in contact with each other (Oka 
et al., 2013). With TPFA, the ratio could be reduced to about 0.085, whereas that of 
RMWR was about 0.17. As a result, the concept achieved short CSDT of 38 years 
(Someya and Yamaji, 2016). However, the designed concept had features which had to 
be improved, such as small core power density (7.4 kW/m of linear heat generation rate ), 
high core pressure drop (1.02 MPa), small discharge burnup (65 GWd/t in the seed region 
and only about 8 GWd/t when averaged over the entire core region including blanket 
regions), and small coolant temperature rise in the core (38 °C). These features were 
essentially the consequences of adopting TPFA with extremely small coolant channel area, 
whose hydraulic diameter was as small as 1.9 mm. 
Concerning breeding performance of supercritical water-cooled fast reactors, some 
sensitivity analyses have been evaluated with different assembly design parameters and 
core arrangements using MCNP4C Monte Carlo code without coupling with thermal-
hydraulic calculations (Liu et al., 2015). However, the study did not consider coupling of 
neutronics and thermal-hydraulic calculations, which is necessary to clarify the main 
issues  correlated with improvement of the Super FR core design as supercritical water 
exhibits large density change in the core (Someya and Yamaji, 2016). 
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Fig 1. 1 Plant system of SCWR (source of figure: GIF portal) 
 
1.3 Necessity of This Study 
Thus, as explained above, a great impact on the outlook of the long-term sustainability 
of nuclear power can be expected, if possibility of improving breeding performance and 
thermal efficiency of a nuclear reactor with light water cooling can be shown. 
Development of Super FR concept, which is compatible with both high breeding and high 
thermal performance (especially, high outlet temperature), may be one of the solutions 
towards such long-term sustainability, but such design concept has not been shown in the 
history of SCWR research and development. For the development of such a new concept, 
the followings need to be considered. 
Generally, large number of excess neutrons (neutrons, which are excess of those 
required to keep fission chain reactions) are necessary so that more fertile isotopes 
(typically, 238U) have the chance to be converted to fissile isotopes (typically, 239Pu) by 
capturing the excess neutrons. Since the neutron yield (number of neutrons generated per 
fission reaction) of fissile isotopes (especially, 239Pu) becomes large with increasing 
neutron energy, hard neutron spectrum is desirable from the viewpoint of attaining high 
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breeding (Walter, 2012). However, light water, which is used as the coolant in Super FR 
also acts as neutron moderator in the core. Hence, the coolant inventory has to be 
minimized to attain high breeding. In the meantime, hardening neutron spectrum 
generally leads to deterioration in inherent safety of the reactor, such as coolant void 
reactivity characteristics, which are primarily governed by the changes in resonance 
capture of fertile 238U and leakage of neutrons from the core under voided conditions 
relative to the normal operating condition (Lamarsh and Baratta, 2001). Hence, it is 
necessary to consider influence of the fuel design, core configurations and coolant density 
distributions on neutronics characteristics of the core, such as fuel depletion (composition 
changes and conversion of fertile 238U to fissile 239Pu), reactivity changes (with respect to 
space and time), and inherent safety (void reactivity). 
Moreover, from the viewpoint of attaining high coolant outlet temperature, the core 
design is required to have sufficient coolant flow area for effective core cooling, radial 
core power swing and local power peaking should be minimal to minimize power to flow 
rate mismatch. Moreover, strong feedback is present between the core neutronics (power 
distributions) and the core thermal-hydraulics (coolant temperature distributions) due to 
large density change of the coolant with temperature (Yamaji et al., 2005; Someya and 
Yamaji, 2016). Hence, three-dimensional core calculations with coupling of neutronics 
and thermal-hydraulics are necessary to develop the Super FR core design concept. 
 
1.4 Objectives 
Thus, this study aims to clarify the main issues associated with improvement of the 
Super FR core design with respect to both the neutronics characteristics (primarily, 
breeding capability, which is represented by CSDT) and the thermal-hydraulics 
characteristics (average core outlet temperature) and to show the improved design 
concepts.  
This study is focused on two different heterogeneous design concepts using seed (MOX) 
fuels and blanket (depleted uranium) fuels. Firstly, the radially heterogeneous core design 
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concept is considered, which consists of seed fuel assemblies and blanket fuel assemblies. 
Secondly, the axially heterogeneous core design concept is considered, which consists of 
seed layers and blanket layers. In particular, a new design concept of “fuel shuffling in 
multi-axial layers” has been developed to improve the core breeding performance of the 
axially heterogeneous core. 
 
1.5 Originality of This Study 
As described above, none of the existing studies of LWR indicate possibility of 
attaining high breeding with light water cooling (M.C. Edlund, 1975; Oldekop et al., 1982; 
Broeders and Dalle Donne, 1985; Brogli et al., 1993; Shelley et al., 2003; Iwamura et al., 
2006; EPRI., 2012). One of the studies on Super FR indicates possibility of attaining high 
breeding with respect to CSDT. However, the concept relies on the use of TPFA, which 
adopts extremely small coolant flow channel area that limits thermal-hydraulics 
performance of the core such as the low core power density (linear heat generation rate 
of 7.4 kW/m), large core pressure loss (1.02 MPa) (Someya and Yamaji, 2016). Some 
earlier works of Super FR focused on thermal hydraulics characteristics (raising the core 
outlet temperature), but they did not focus on the breeding performance of the core 
(Mukohara et al., 1999; Cao et al., 2008; Liu and Oka., 2015). Thus, none of the existing 
studies have shown or investigated concept of achieving both high breeding and thermal-
hydraulics performance with light water cooling. This is the fundamental reason for the 
currently common conception that “It is not possible to breed with light water cooling.”. 
This study focuses on both the neutronics and thermal-hydraulics characteristics of 
Super FR with different core configurations. Namely, radially heterogeneous core and 
axially heterogeneous core. Since coolant flows from bottom of the core to the top, the 
heterogeneous nature (radial and axial) is expected to have fundamental influence on 
thermal-hydraulics of the core, which intern is expected to influence the core neutronics 
due to large coolant density change with temperature. Such investigations have neither 
been conducted for Super FR studies, nor for other LWR concepts.  
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Moreover, this study proposes and aims to establish the new concept of fuel shuffling  
in multi-axial layers. In this new concept, the core is axially divided into two regions, and 
fuel replacement and shuffling patterns are designed independently. The basic idea of the 
concept is to utilize the large coolant axial density change in the core. Due to the large 
axial coolant density distribution, neutron spectrum varies along the axial direction of the 
core. In general, capture cross section of fertile 238U is large with soft neutron spectrum, 
which may favor its conversion to the fissile 239Pu, but neutron yield of 239Pu is small, 
which may limit the conversion efficiency. In contrast, capture cross-section of 238U is 
small with hard neutron spectrum, which may limit its conversion to the 239Pu, but neutron 
yield of 239Pu is large, which may promote the conversion. The total conversion efficiency 
of the core is determined by complex interactions of these factors. Hence, by configuring 
axially heterogeneous core with multiple layers of MOX and blanket layers and designing 
appropriate fuel shuffling at different axial layer levels, the breeding performance of the 
core may be improved, but such investigations have never been conducted. 
Thus, in brief, the followings are the originalities of this study: 
 The concept of achieving both high breeding and high thermal-hydraulics 
performance with light water cooling is investigated for the first time. This study 
challenges the currently common conception that “It is not possible to breed with 
light water cooling.”.  This study aims to address a potential paradigm change to the 
recognition of nuclear power that it can be regarded as the ultimate sustainable source 
of energy. 
 Fast (breeder) reactors have been studied with either radially or axially heterogeneous 
core, but fundamental difference may be present between the two, especially with 
supercritical light water cooling, because of the large temperature and density change 
of the coolant along axial direction of the core. This study addresses such 
fundamental difference for the first time. 
 The existing core design studies always assume that a fuel assembly is in one piece 
along the axial direction of the core. This limits flexibility in the core design. By 
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axially dividing the fuel into multiple pieces and designing fuel shuffling patterns 
independently, new degree of freedom is introduced. By utilizing the axial 
heterogeneity of the coolant density, fuel types (MOX and blanket) and fuel shuffling 
in multi-axial layers, the possibility of improving breeding performance is 
investigated for the first time. This is a study, which aims to develop “new concept” 
in designing a nuclear reactor core. 
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CHAPTER 2  CORE DESIGN METHOD 
2.1 Design Criteria and Targets 
2.1.1 Design criteria 
In order to develop the core design concepts, the basic design criteria for conceptual 
development of SCWR core are considered. Namely, the negative void reactivity 
coefficient for ensuring inherent safety of the core, the maximum linear heat generation 
rate (MLHGR) of 39 kW/m for ensuring fuel integrity and the maximum cladding surface 
temperature (MCST) of 650 C for ensuring sufficient core cooling. The conceptual design 
criteria adopted in this study are summarized in Table 2.1. and describe d as follows. 
The negative void reactivity coefficient may also be understood as the positive coolant 
density reactivity coefficient for SCWR, because there is no void under supercritical 
pressure. This design criterion is required to assure inherent safety of the core with respect 
to reactivity insertion, loss of coolant flow, and depressurization transients and accidents. 
That is, the core heat up due to reactivity insertion or loss of flow or depressurization 
should lead to reduction of the reactivity to prevent escalation of the core power and heat 
up. 
The maximum linear heat generation rate is a design criterion, which is usually adopted 
in designing LWR cores to assure fuel integrity during abnormal transient events. It is 
primarily determined to prevent mechanical failure of the fuel rod cladding due to pellet-
mechanical interaction (PCMI) during abnormal transients, which are accompanied with 
power ramps. For SCWR, zirconium based alloys cannot be used because of the high 
coolant temperature and pressure. While cladding materials need to be developed, most 
design concepts assume use of stainless steel alloys for the fuel rod cladding (IAEA, 
2014). This study also assumes use of stainless steel for the fuel rod cladding and 
tentatively adopts the design criterion of 39 kW/m by referring to the past study of Super 
LWR fuel performance analysis study under transient conditions (Yamaji et al., 2006).  
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The MCST design criterion has been widely adopted in conceptual development of 
SCWR to assure sufficient fuel rod cooling during abnormal transients, which may be 
accompanied with loss of core flow rate, depressurization and power ramp. The specific 
limit varies among different designs and some designs have not determined any specific 
limits (IAEA, 2014). This study tentatively adopts the limit of 650 °C during normal 
operation condition, which was studied with fuel rod performance analyses of stainless 
steel cladded fuel rod (Yamaji et al., 2006). 
 
Table 2. 1 Design criteria 
Design criteria Descriptions 
Negative void reactivity 
coefficient (positive coolant 
density reactivity coefficient) 
For assuring inherent safety of the reactor during 
abnormal transients. 
Maximum linear heat 
generation rate (MLHGR) 
For preventing mechanical failure of fuel rods due 
to PCMI during abnormal transients. Tentatively, 
MLHGR of 39 kW/m is adopted for stainless steel 
cladding. 
Maximum cladding surface 
temperature (MCST) 
For assuring sufficient cooling of fuel rods during 
abnormal transients. Tentatively, MCST of 650 °C 
is adopted for stainless steel cladding. 
 
2.1.2 Design targets 
The design targets are listed in Table.2. 2 . As discussed in Section 1.5, this study aims 
to develop the concept of Super FR, which achieves both high breeding and high thermal-
hydraulics performance with light water cooling. In this study, the breeding performance 
of the core is evaluated with the Fissile Plutonium Surviving Ratio (FPSR) and 
Compound System Doubling Time (CSDT). In particular, the concept that achieves high 
breeding performance with short CSDT is investigated.  
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FPSR is defined as below: 
BOECatinventoryPuftotalThe
EOECatinventoryPufThe
FPSR =   (2-1) 
Where BOEC and EOEC refer to the Begin of Equilibrium Cycle and End of 
Equilibrium Cycle, respectively. The fissile Pu isotopes (Puf) refer to the sum of 239Pu 
and 241Pu and other fissile materials such as 235U are not included in the above expression. 
The design target of FPSR > 1.0 is determined to ensure Pu breeding. 
The definition of CSDT is given as below: 
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In the above evaluations, the followings are assumed as in the preceding study (Someya 
and Yamaji, 2016): Period of ex-core unloaded duration during reprocessing and fuel 
fabrication is five (5) years, the half-life of 241Pu is 14.4 years, while refueling period and 
inspection periodic per cycle is 30 days. Thus, CSDT indicates required time to twice 
energy output (i.e., total capacity) of the installed reactors by using excess fissile materials 
gained from breeding. 
In the introduction of fast reactors, it may be assumed that the newly introduced 
reactors gradually replace the currently operating light water reactors. In such situation, 
one may assume that the rate at which the fast reactors are introduced to be comparable 
to the lifetime of the current and future light water reactors. From such viewpoint, this 
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study aims for a design target of CSDT to range from 40 to 80 years by referring to the 
lifetime of the current and the future light water reactors (U.S. DOE,2017).  
As for thermal-hydraulics performance of the core, the core average coolant outlet 
temperature and power density are considered with tentative design targets. Most SCWR 
design concepts are being developed with core average outlet temperature of about 500 °C 
or higher. These design concepts often adopt complex coolant flow schemes, such as 
downward flow cooling in the core periphery so that the relatively cold exit coolant from 
the core periphery does not mix with the rest of the coolant and reduce the main steam 
temperature at the upper plenum of the core (IAEA, 2014). This study does not focus on 
adoption of such complex coolant flow scheme. Hence, tentative design target has been 
determined as about 480 – 500 °C with simple coolant flow scheme, in which all fuel 
assemblies are cooled with upward coolant flow. 
In the preceding study, high breeding performance was attained by adopting extremely 
small coolant flow channel area to minimize coolant inventory in the core. However, the 
drawback of such design was that core power density had to be small (59 W/cm3) to assure 
sufficient heat removal with such small coolant flow channel (Someya and Yamaji, 2016). 
This study tentatively aims to attend power density of about 100 W/cm3, which is 
comparable to those of the current LWRs (50 – 100 W/cm3).  
 
Table.2. 1 Design targets 
Design targets 
Thermal power (MWt)  2,400(corresponds to electric power of 
1,000MWe) 
FPSR >1.0 
CSDT (years) 40-80 
Inlet temperature (°C) below pseudocritical point 
Outlet temperature (°C) 480 - 500  
   
2.2 Core Calculation Method 
With the design criteria described above, the fundamental core performances need to 
be evaluated with the above described design targets. The Fissile Plutonium Surviving 
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Ratio (FPSR), CSDT, and the average fuel discharge burnup are required to evaluate the 
neutronic performance. The core thermal power, average power density, inlet temperature, 
and the average outlet temperature are needed to evaluate thermal performance of the 
core. As shown by the preceding studies, considerations of these design criteria and 
evaluations of the core performance require an evaluation of core characteristics with 
neutronics and thermal-hydraulics coupled three-dimensional core calculations (Yoo et 
al., 2006; Liu and Oka, 2013). 
 
2.2.1 Neutronics calculations 
For the neutronics calculations, the SRAC 2006 code system (Okumura, K.et. al., 2007) 
and JENDL-3.3 nuclear data library (Shibata, K et. al., 2002) are used which were 
developed by Japan Atomic Energy Agency (JAEA). 
For the neutronics calculations, firstly, unit cell depletion calculations are carried out 
with different coolant densities based on collision probability method. Productions and 
decays of major isotopes in the burnup chain are considered with these calculations and 
homogenized macro-cross section sets are generated. For each base-case burnup 
calculations, branch-off burnup calculations are also carried out to consider influences of 
instantaneous changes in the coolant density on the macro-cross sections. When the cross 
sections are homogenized for each fuel assembly, the heterogeneous form factor is also 
calculated to obtain pin-wise power distribution within each fuel assembly.  
The three-dimensional core burnup calculation then uses these macro-cross sections 
based on the finite difference method and interpolate the macro-cross sections with burn 
up and coolant density. With consideration of the heterogeneous form factor, pin-wise 
power distribution of the core is obtained, which is used with the single-channel based 
thermal-hydraulics calculations as described in the next section. 
 
2.2.2 Thermal-hydraulics calculations 
  For thermal-hydraulic calculations, the single-channel analysis code SPROD 
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(Yamaji, A., et al., 2005) is used. The fuel channel is divided into a number of axial 
meshes for which radial heat transfer is calculated. The radial heat transfer considers heat 
conduction of the pellet, the gap conductance between the pellet and the cladding, heat 
conduction across the cladding wall, and heat transfer from the cladding surface to the 
bulk coolant.  Then, the axial heat transport by the coolant is considered with energy and 
mass conservations while the axial heat conductance is neglected (Yamaji A., et al., 2005).  
For assessing the heat transfer coefficients at the cladding surface, Watt's relationship 
is employed (Watts, M.J., et al., 1982; Shioiri A. et al., 2003) as also utilized by some 
other design studies (IAEA, 2014).   
Thus, the neutronics calculations and thermal-hydraulics calculations are coupled. The 
fuel replacements are designed at the end of each cycle. Therefore, neutronics and 
thermal-hydraulics calculated are iterated until convergences are obtained for both the 
core burnup distribution and coolant density distribution. 
 
2.2.3 Coupled neutronics and thermal-hydraulics calculations 
In this study, the neutronics calculations and thermal-hydraulics calculations are 
coupled as described in Fig. 2.1. Firstly, the core burnup calculations are carried out with 
some initially assumed coolant density distributions. Three-dimensional core power 
distribution is obtained based on the core burnup calculations with neutron diffusion 
approximation, which utilizes macro-cross sections corresponding to the assumed burnup 
and coolant density distributions. The evaluated core power distribution is converted to 
pin-wise power distributions by applying the heterogeneous form factor, which was pre-
evaluated with assembly burnup calculations.  
Secondly, the single channel thermal-hydraulics calculations are carried out for all fuel 
assemblies. For each fuel assembly, the hot channel and the average channel are identified. 
The coolant flow rate by the inlet orifice of the assembly is determined so that the 
maximum cladding surface temperature (MCST) is equal to 650 °C. Then, the coolant 
flow rate for the average channel is determined so that the pressure loss of the two 
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channels balance. By using the determined coolant flow rate for the average channel, the 
coolant density is evaluated. 
Thirdly, the evaluated coolant density is used to update the core coolant density 
distribution, which is used to carry out core burnup calculations. The three steps are 
iterated until the coolant density distributions within one burnup step converge. Once the 
convergence is obtained, then the burnup calculation proceeds to the next burnup step, in 
which the same iteration process takes place. 
At the end of the burnup calculations, the pre-determined fuel shuffling is considered 
to update the core burnup distributions at the beginning of cycle. Then, the whole 
calculation repeats until the core burnup distributions converge. At this time, the core is 
considered to have reached the equilibrium state, for which various core characteristics 
can be evaluated. The core design criteria such as the void reactivity and the maximum 
linear heat generation rate are evaluated, as well as the core characteristics such as the 
average outlet temperature, average discharge burnup and CSDT. Then, the core design 
parameters are revised if the evaluated characteristics do not satisfy the design criteria or 
targets. 
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Fig 2. 1 Flow of the equilibrium core calculation with coupled neutronics and thermal-
hydraulics 
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CHAPTER 3  RADIALLY HETEROGENEOUS CORE DESIGN 
3.1 Introduction 
This Chapter is dedicated to investigation of attaining high breeding and large power 
density with the radially heterogeneous core arrangement, which consists of seed and 
blanket fuel assemblies. Recently, breeding with supercritical light water cooling was 
studied by increasing the core inlet temperature to 385 °C (which is close to the pseudo-
critical temperature at 25 MPa), so that the core average coolant density is reduced (Oka. 
Y. et al.,2013; Yoshida. T. et al., 2013). The designed concept achieved short CSDT of 
about 38 years by adopting Tightly Packed Fuel Assembly (TPFA) concept, in which the 
ratio of coolant to fuel volume was reduced to around 0.085 to decrease neutron 
moderation (Someya.T and Yamaji A.,2016). Although the designed concept using TPFA 
could achieve high breeding, it has core characteristics which should be improved, such 
as the small core power density (linear heat generation rate of 7.4 kW/m), high core 
pressure drop (1.02 MPa), small discharge burnup (65 GWd/t in the seed region and only 
about 8 GWd/t when averaged over the whole core region including blanket regions), 
small coolant temperature rise in the core (38 °C).  
In particular, the small hydraulic diameter of less than 2 mm led to high sensitivity of 
the core pressure loss to the power density (i.e., small increase in the core power density 
or fluctuations of the core power distributions led to significant increase in the core 
pressure loss). Although core pressure loss may not be regarded as one of the fundamental 
design criteria for the conceptual core development, it should be minimized to avoid 
design issues of instability and too much pumping power requirement (Yoshida. T. et al., 
2013; Oka. Y. et al.,2013). 
Hence, this study aims to reveal the fundamental issues related to the improvement of 
the core performance concerning these design parameters and show the improved design 
concept. The investigations focus on design solutions to attain high breeding, large 
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discharge burnup, high power density, and high coolant enthalpy rise. The trade-off 
relationships between these design parameters and the core characteristics, such as 
negative void reactivity, minimum peak power, effective core cooling, and low core 
pressure loss are investigated. The TPFA is replaced with the ordinally tight lattice 
hexagonal fuel assembly to reduce the core pressure loss.  
 
3.2 Fuel Assembly and Coolant Channel Designs  
The previous design used the TPFA concept, in which fuel rods were packed by 
contacting each other. The space between the fuel rods was filled with metal fitting, which 
accommodated both circular and triangular coolant channels. Cross sections of the 
previously adopted TPFA (Someya. T. and Yamaji, A.,2016) and the Tight Lattice Fuel 
Assembly (TLFA) are shown in Figs. 3.1 and 3.2, respectively. 
The previous study indicated that the core power density could be increased by about 
16 % to 59 W/cm3 by changing coolant channel geometry and enlarging the equivalent 
hydraulic diameter of the channel in the seed assemblies while lowering the core pressure 
loss from 1.83 MPa to 1.02 MPa. In the meantime, the evaluated CSDT was 40 years with 
TLFA, which was comparable to that of the core design with TPFA (38 years). However, 
the study indicated difficulties to further increase the core power density and minimize 
the core pressure loss with TPFA as there was no extra space available to make bigger the 
coolant channel area.  
 
Fig 3. 1 Tightly Packed Fuel Assembly (TPFA) design (preceding study) (Someya.T and 
Yamaji A.,2016) 
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Fig 3. 3 Three types of fuel assemblies used in the core design 
 
Table 3. 1 Pu composition (Reprocessed LWR spent fuel) 
Isotope 238Pu 239Pu 240Pu 241Pu 242Pu 
Fraction [wt%] 0.4 51.3 37.8 6.5 4.0 
For the three types of fuel assemblies, the ratio of the fuel rod pitch to diameter 
(P/D) is kept the same at 1.05, while the fuel rod diameters are changed. In the seed 
assembly, small rod diameter of 0.85 cm is applied so that a large number of fuel rods can 
be placed in one fuel assembly and achieve high power density. In the meanwhile, larger 
rod diameters are used for blanket assemblies to decrease Vm/Vf for achieving high 
breeding. The rod diameter for the blanket with ZrH rods were adjusted to reduce local 
power peaking in the neighborhood of the ZrH rods. In all cases, the cladding thickness 
is decided by referring to the following equation (6), for buckling collapse of infinite 
length cylinder with collapse pressure (Pcollapse) of 20.3 MPa, which is decided by 
assuming coolant pressure of 25 MPa and with internal pressure of the rod of 4.7 MPa at 
hot standby of the fresh fuel. of 4.7 MPa 
DU 0.18m
MOX 
(mid) 0.46m
MOX 
(low) 0.55m
MOX 
(Hig) 0.46m
DU 0.18m
1.84m 1.84m
With ZrH layer 
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Where E is Young’s modulus, t is the cladding thickness and D is the rod diameter. 
Details of the assemblies are summarized in Table 3.2. 
In the current design, control rods are now not considered, but a cluster type design as 
adopted by the previous study (Cao, L. et al.,2008) may also be considered in the future 
study (i.e., comparable to the design of the current Pressurized Water Reactor). In this 
design, 18 fuel rod positions are replaced with control rod guide tubes for insertion of 
control rods from the top of the core). To prevent softening of neutron spectrum when 
control rods are withdrawn from the core, the control rods may also be equipped with a 
follower structure, which replaces the coolant when the absorber rods are withdrawn from 
the core as adopted by some light water cooled fast reactor design concepts (Okubo, T. et 
al.,2005). 
Table 3. 2 Fuel assembly specifications 
 Seed Blanket w/o ZrH Blanket with ZrH 
Fuel assembly type TLFA   
P/D 1.05   
Fuel rod diameter [cm] 0.81 1.46 0.95 
Fuel rod pitch [cm] 0.85 1.53 1.00 
Cladding thickness [cm] 0.050 0.083 0.057 
Gap size between fuel rods [cm] 0.043 0.077 0.048 
Pellet-cladding radial gap [cm] 0.0085 0.010 0.0085 
Hydraulic diameter [cm] 0.17 0.31 0.20 
Number of fuel rods per assembly 547 169 307 
Vm/Vf ratio 0.32 0.30 *0.25 
Channel box thickness [cm] 0.2   
Assembly pitch [cm] 20.61   
*) Volume occupied by ZrH rods is excluded from the volume of both Vm and Vf. 
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3.3 Core Design Specifications and Fuel Loading Patterns 
With the above considerations, the specifications of core design have been determined 
as follows. The core average power density of 128 W/cm3 and LHGR of 12.4 kW/m was 
determined by considerations of the design targets of the power density (>100 W/cm3, 
and >12 kW/m). In this study, the core height of 1.84 m (including upper and lower 
blanket regions), is determined with consideration to suppress core pressure loss for the 
given inlet coolant pressure of 25 MPa and the temperature of 385 °C. The core flow rate 
is determined to meet the MCST design criterion of 650 °C. Regarding the size of the 
core (the number of fuel assemblies), it was determined to satisfy the negative void 
reactivity design criterion. Next, the basic core design specifications have been defined, 
as summarized in Table 3.3. 
 
Table 3. 3 Core design specifications 
Design parameters Design specifications 
Thermal power [MW] 2,296 
Core *average power density [W/cm3] / LHGR [kW/m] 128 / 12.4 
Number of fuel assemblies 265 
Active height [m] / Equivalent diameter [m] 1.84 / 3.90 
Operating pressure [MPa] / Inlet temperature [°C] 25 / 385 
Cycle length [days] 600 
*) averaged over the whole core, including blanket regions. 
 
Based on table 3.3., the cycle length was tentatively decided as 600 days by referring 
to the average power density and target discharge burnup with considerations of refueling 
batches for the seed and blanket assemblies. The loading patterns (considered for the 1/6 
symmetric core) were designed separately for the seed assemblies and for blanket 
assemblies without ZrH rods to reduce radial power peaking and variations during the 
equilibrium cycle. For the seed fuel assemblies, the refueling scheme is based on an out-
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in style reloading scheme, in which fresh fuels are shuffled from the core periphery to the 
to the center of the core at the end of each cycle. For the blanket assemblies, it is based 
on an in-out style refueling scheme (usually, the reactivity of the blanket assemblies will 
increase with burnup due to buildup of fissile Pu with burnup). For refueling of the 
blanket with ZrH rods, one batch is adopted tentatively. It is determined to decrease power 
peaking’s in the assembly. The core loading patterns and fuel shuffling scheme are shown 
in Fig. 3.4. 
 
 
Fig 3. 4 Core loading and fuel shuffling scheme (sukarman et al.,2018) 
 
3.4. Core Characteristics and Needs for Further Improvements 
 
As described in detail in Section 2.2, the equilibrium core was modeled, and its 
characteristics have been evaluated by use of the neutronics and thermal-hydraulics core 
calculation method. The core characteristics are summarized in Table 3.4 and compared 
with those of the previous design (Someya.T and Yamaji A.,2016). The core thermal 
power has been increased from 1,598 MW of the previous design to 2,296 MW as shown 
in Table 3.3. The larger core thermal power is primarily due to the increase in the core 
power density from 59 to 128 W/cm3 (corresponding to increasing the average LHGR 
from 7.4 to 12.4 kW/m). Meanwhile, the core pressure loss has been decreased from 1.02 
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to 0.65 MPa. This is owing to the larger hydraulic diameter of the fuel channel. 
The core characteristics of the new design also indicate a significant increase in the 
average discharge burnup, specifically for the total core average (including the blanket 
regions) from 7.5 to 46.2 GWd/t. The reduction in the number of blanket fuel assemblies 
has principally lead to the higher discharge burnup. Hence, the ratio of the number of the 
blanket assemblies to that of the seed assemblies in the design has been changed. In the 
previous study, the ratio of blanket assemblies was about 63%. While in this study, the 
ratio has been decreased to about 48 %.  
On the other hand, core characteristics show that breeding performance is slightly 
deteriorated. That is, CSDT has increased from 38 years of the previous study to 59 years. 
However, it is still much shorter than those of the past studies with light water cooling 
(200-300 years (Iwamura,T.,et.al.,2006)) and comparable to that of SFR (45 years) (JAEA, 
2011) and the expected lifetime of the current reactor and future LWR (60-80 years) 
(Oka,Y.,et.al.,2010). The essential difference in CSDT of the two designs leads to the 
difference in RDT, which is 16 years and 52 years for the previous design and the new 
design, respectively. As shown by Eq. (3) in Section 2.1, the short reactor doubling time 
(RDT) of the previous study was principally associated with the small fuel batch number 
(the blanket was replaced with only one batch in the previous study). 
Therefore, this study has revealed some improvement that is primarily attributed to the 
modification of the fuel channel from TPFA to TLFA. Consequently, it has also improved 
the core characteristics regarding the thermal power and pressure loss. Moreover, the core 
average discharge burnup has been significantly increased by decreasing the number of 
blanket fuel assemblies. There are trade-off relationships between improvements of these 
core characteristics with the breeding performance of the core (CSDT) which has been 
shown as summarized in Table 3.4. It may be valuable information for the future 
conceptual development. 
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Table 3. 4 Core characteristics  
Design parameters Preceding This study 
 study [**]  
Fuel assembly type TPFA TLFA 
Number of FAs [seed / blanket / blanket with ZrH] 97 / 138 / 24 138 / 102 / 25 
Batch number [seed / blanket / blanket with ZrH] 4.25 / 1 / 1 5.75 / 4.25 / 1 
Pu Inventory (ton) [BEOC/EOEC] 134 / 138 102 / 105 
Thermal power [MW] 1,598 2,296 
Core *average power density [W/cm3] / LHGR 
[kW/m] 59 / 7.4 128 / 12.4 
MLHGR [kW/m] 35.4 37.3 
Coolant temperature inlet / outlet [°C] 385 / 420 385 / 458 
Flowrate [kg/s] 1970 2968 
Core pressure loss [MPa] 1.02 0.65 
Average Pu enrichment [wt.%] 29.9 25.9 
Average discharge burnup MOX region / whole core 64.6 / 7.5 148.5/ 46.2 
[GWd/t]   
Void reactivity BOEC / EOEC [%dk/k] ‐1.38/‐0.83 ‐0.84 / ‐0.08 
FPSR 1.028 1.031 
RDT / CSDT [years] 16 / 38 52 / 59 
*) averaged over the whole core, including blanket regions. 
[**] (Someya.T and Yamaji A.,2016) 
 
Although this study has indicated the increasing of the core enthalpy rise, there still 
remains an issue for future design studies. Some increase was shown for the average outlet 
temperature, that is, increased from 420 °C in the previous study to 458 °C in the current 
study. The average outlet temperature of each fuel assembly at BOEC and EOEC for the 
1/6 symmetric core is shown in Fig 3.5. The fuel assemblies with low outlet temperature 
may be classified into the following three points. These points of the fuel assemblies all 
lead to a reduction in the coolant outlet temperature, because of mismatch in power to 
flow rate ration. Hence, it leads to the outlet temperature cannot be high. 
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1. Fuel assemblies with large power swing from BOEC to EOEC 
2. Fuel assemblies with large radial power gradient (in the core-periphery) 
3. Fuel assemblies with large local power peaking 
 
 
Fig 3. 5 Outlet temperature distributions 
 
Based on Fig. 3.6,  the power swing can be viewed from the core radial power 
distribution of BOEC and EOEC. Referring to Fig. 3.6 and Fig. 3.5, the power swing is 
exceptionally large for the blanket fuel assemblies, due to it has shown Pu buildup from 
BOEC to EOEC, which leads to making bigger in the reactivity. Such power swing can 
also be unavoidable when blanket fuel assemblies are employed as in the current core 
design. On the other hand, about Fig. 3.6 can also be viewed that the large power gradient 
takes place in inside fuel assemblies in the core-periphery. It seems a power gradient 
additionally makes the power/float mismatch and a decrease in the outlet temperature. 
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Fig 3. 6 Core radial power distributions 
 
The local power peaking is especially significant for the fuel assemblies indicated in 
Fig. 3.5, which regard the blanket fuel assemblies using ZrH layers (as shown in Fig. 3.3). 
For instance, in Fig 3.7, the pin-power distributions for the central fuel assembly at EOEC 
is shown. As can be viewed from the figure, the large power peaking is located close to 
the ZrH layer, where neutron spectrum is predicted to be softer than the other parts, and 
fission cross section of Pu is large extensive. As one answer to unravel this problem, a 
stainless metal reflector may be used in the peripheral region of the blanket assembly to 
reduce the power of (and hence, neutron flux coming from) the neighboring seed 
assemblies (Liu et al.,2013).  
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Fig 3. 7 Pin power distribution of a blanket fuel assembly at EOEC 
 
3.5. Conclusions 
The radially heterogeneous core design concept is developed by using three type of 
fuel assemblies. That is, seed fuel assemblies, blanket fuel assemblies and blanket fuel 
using zirconium hydride (ZrH) moderator assemblies. The solid moderator is addressed 
to fix up resonance capture by 238U rods and to obtain negative void reactivity 
characteristics (Oka et al., 1996). The improved design is consisting of fuel assembly 
pitch, channel box size, and fuel rod pitch to diameter ratio. It employs three type of fuel 
assemblies and by different fuel rod diameters which show an advantageous mainly 
increasing the core average power density. For instance, in case the seed assembly, 
decreasing the rod diameter to 0.85 cm can add the power density while coolant channel 
area has enough to make the efficient cooling. Moreover, in the blanket assembly case, 
the rod diameter has expanded to about 1.46 cm which aims to minimize the moderator 
to fuel volume ratio for reaching high breeding. In case of the blanket with ZrH, the rod 
diameter can be regulated to about 0.95 cm to suppress local energy peaking in the around 
of the ZrH rods. 
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Hence, it looks that between improvements of core characteristics with the breeding 
performance of the core has shown the trade-off relationships. That is, the CSDT has 
enlarged from 38 years in the previous design to 59 years in the new design, which is still 
similar to the CSDT of SFR and the predicted lifetime of the modern and the future LWRs.  
Additional Design studies are essential to enhance the core enthalpy rise by decreasing 
the radial power swing and power peaking in the future. 
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CHAPTER 4  FUEL SHUFFLING IN MULTI-AXIAL LAYERS 
CONCEPT 
In this chapter two type cores different with fuel shuffling in multi-axial layers concept 
will be explained. First, the Heterogeneous core with four layers’ core design concept. 
Second, the Heterogeneous core with five layers’ core design concept.  These concepts 
will focus on the specific large axial coolant density change in supercritical water cooled 
reactors (SCWRs) when the coolant inlet temperature is below the pseudo critical point, 
and high coolant enthalpy rise is taken in the core for achieving high thermal efficiency. 
The purpose of this concept is to achieve both the high breeding performance and good 
thermal-hydraulic performance together. That is, short Compound System Doubling Time 
(CSDT) to showing the high breeding, large coolant enthalpy rises to represent high 
thermal efficiency and large core power. 
 
4.1 Four Layered Core Design Concept 
4.1.1. Method  
By referring to the preliminary study in chapter 4.1.2, the same design criteria is 
determined and also considered in the neutronics and thermal-hydraulics coupled three-
dimensional core calculations. 
 
4.1.2. Design targets and criteria 
In the Preliminary design of the current study is to find out some of the essential design 
parameters, which can be regarded to improve a new core design idea with fuel shuffling 
in multi-axial layers. Hence, quantitative design objectives cannot be defined at this stage. 
Despite, the following aims have been decided tentatively, for the reason of figuring out 
the essential design parameters.  
One of parameters of breeding is Fissile Plutonium Surviving Ratio (FPSR) which 
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should greater than 1.0 to show the reactor breed. The commonly used definition of FPSR 
as shown in chapter 2 (equation 2.1). 
However, the isotopes regarded in Puf regards to the sum of 239Pu and 241Pu and other 
fissile substances such as 235U are now not covered in expression of the equation 2.1. 
In order to talk about possible effect by applying Super FBR, CSDT may additionally 
be greater important design parameter than FPSR. Currently, the following CSDT 
definition is defined: The time needed for a system of similar breeder reactors to twice 
the fissile material in the system, assuming that the number of reactors is growing at a 
rate such that all of the fissile material is being utilized (Walter A.E.et al.,2012). Based on 
that definition, CSDT in the equation 2.2 is expanded to show the Puf inventory which 
can be shown in the following expressions (4-1): 
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Where RDT is reactor doubling time, R0 is operation component (i.e., cycle length 
divided through the sum of cycle length and refueling and inspection period), EF is the 
Ex-core Factor, FL is ex-core Fissile material Lost per cycle, FG is Fissile material Gained 
per cycle. Next, referring to equation 2.3, the RDT is expressed by the following equation 
(4-2): 
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Where FBOC and FEOC show total fissile inventory at the beginning of cycle (BOC) 
and end of cycle (EOC), respectively, C is number of cycles per year, t_c is cycle length. 
The ex-core factor is given by the following (4-3): 
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+
=  (4-3) 
The shorter CSDT showed faster deployment. By assuming that implementation of 
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FBRs will generally be considered in countries with established infrastructures of LWRs 
and that FBRs will be periodically used by replacing the existing and future LWRs whose 
lifetime may be in the range of 40 – 80 years (US.DoE, 2016). Hence, a tentative CSDT 
target of 40 – 80 years might also be a realistic goal. 
As for thermal-hydraulics characteristics of the core, the coolant inlet and average 
outlet temperature are important design parameters as they directly influence thermal 
efficiency of the plant system ( K. Dobashi et al., 1997). In the preceding core design 
study, the core inlet temperature was 385 °C at 25 MPa, which was higher than the 
pseudocritical point (374 °C), to reduce core average coolant density. In the newly 
proposed design concept, breeding may be still possible even if the inlet temperature is 
below the pseudocritical point because efficient conversion can be expected in the upper 
region of the core with hard neutron spectrum, where the blanket layer is to be located. 
Hence, for this study, the inlet temperature is tentatively determined at 280 °C. The target 
for the average outlet temperature is to be considered by considering sensitivities of 
design parameters in the future study, but 500 °C may be considered as a tentative target 
by referring to the past studies ( Yamaji A.et al.,2005; Yamaji A.et al.,2006). 
Another target may be electric power of the reactor system. Assuming that the FBR 
will be connected to the existing power grid by replacing LWRs, electric power of around 
1,000MW may be a good target. It is a tentative target for conceptual development of this 
study. While scale merit is generally recognized for large nuclear power reactors, it should 
also be noted that small and mid-size reactors may also be attractive from the viewpoint 
of saving initial investment. An assessment of the appropriate power level for Super FBR 
may be considered for future studies. The thermal efficiency of the plant system would 
depend on the steam conditions. By assuming a tentative efficiency of 42 %, this target 
corresponds to the thermal power of about 2,400 MW. 
While the above design targets are considered, the following design criteria are 
tentatively determined. The same criteria is adopted as in the preceding study of Super 
FBR core design. Firstly, negative void reactivity has to be attained throughout the cycle 
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for assuring the inherent safety of the reactor. Since Puf isotopes have large resonance 
capture cross sections compared with those of U isotopes, the buildup of Puf with burnup 
of the blanket may tend to make the void reactivity more positive. The void reactivity also 
tends to positive as size of the core is enlarged, and neutron leakage is reduced. Thus, this 
design criterion may limit the average discharge burnup and size of the core. 
From the viewpoint of ensuring fuel integrity, the maximum linear heat generation rate 
(MLHGR) and the maximum cladding surface temperature (MCST) design criteria are 
considered. In LWR core designs, MLHGR range from 43 – 44 kW/m is generally given 
to prevent fuel rod failure by excessive Pellet Cladding Mechanical Interaction (PCMI), 
which is often related to the center melting of the fuel pellet. That is, excessive PCMI as 
the result of fuel centerline melting, which leads to substantial volume expansion of 
pellets. The same design principle applies to SCWR fuel design, but with consideration 
of higher coolant temperature and pressure. Thus MLHGR of 39 kW/m is tentatively 
determined as a design criterion (Yamaji A.et al.,2006). With consideration of power 
peaking, this design criterion may limit the average power density and the thermal power 
of the core. 
Similarly, a design criterion to ensure sufficient cooling of the fuel rod is necessary. 
Hence, 650 °C has tentatively used for a stainless steel cladding MCST design criterion. 
This design criterion may limit the average outlet temperature of the coolant. 
For a commercial plant, excessively high core pressure loss must be avoided. However, 
at this stage of the conceptual development, it is not appropriate to determine the core 
pressure loss criterion, because the current conceptual study aims to explore possible 
impacts of Fuel Shuffling in Multi-Axial Layers on breeding. 
Thus the tentative design targets and criteria are summarized in Table 4.1. The design 
targets are to be revised in the future study by considering characteristics of the proposed 
fuel shuffling in multi-axial layers core concept. 
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Table. 4. 1 Design targets and criteria 
Design targets 
Thermal power (MWt)  2,400(corresponds to electric power of 
1,000MWe) 
FPSR >1.0 
CSDT (years) 40-80 
Inlet temperature (oC) below pseudocritical point 
Outlet temperature (oC) 500  
Design criteria 
Voidreactivity Negative 
MLHGR (kW/m) ≦39 
MCST (oC) ≦ 650 
 
 
4.1.3. Core Calculation Method 
The core design concept is developed by using three-dimensional diffusion calculations, 
which are fully-coupled with thermal-hydraulics calculations (Someya.T and Yamaji 
A.,2016) as shown in chapter 2.2. 
 
4.1.4. Core Design 
The unique feature of the new core design concept is that it consists of two parts as 
shown in Fig. 4.1: The upper core and the lower core, which are separated and 
independent fuel shuffling in these two core regions are considered. As a preliminary 
study, the boundary between the upper and the lower core is tentatively determined to be 
the boundary between the upper DU and the upper MOX regions. The mechanical design 
details have not been investigated yet. The main role of the upper core is intended to breed 
fissile plutonium with high efficiency by converting depleted uranium under hard neutron 
spectrum. Different fuel batch numbers and fuel shuffling schemes are to be considered 
independently for the upper and the lower cores from the viewpoint of improving the core 
performance such as shorter CSDT, larger discharge burnup, and power. 
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Fig 4. 1 New Core design concept with fuel shuffling in multi-axial Layers 
 
4.1.5. Fuel assembly design 
As a preliminary study, the hexagonal fuel assembly is designed with tight rod lattice 
arrangement of 331 fuel rods with a diameter of 1.2 cm and a gap size of 0.1 cm (P/D is 
1.08). The stainless steel cladding thickness is determined as 0.07 cm by considering 
prevention of its buckling collapses in the preceding study (Someya.T and Yamaji 
A.,2016). As a result, the moderator to fuel volume ratio (Vm / Vf) is 0.39. The above 
mentioned design parameters and other assembly design parameters are summarized in 
Table 4.2. 
Table. 4. 2 Specification of the fuel assembly 
Fuel rod pitch (cm) 1.3 
Fuel rod diameter (cm) 1.2 
P/D 1.08 
Cladding thickness (cm) 0.0698 
Pellet-clad diameter gap (cm) 0.01 
Number of fuel rods 331 
Vm/Vf 0.389 
Channel box thickness (cm) 0.2 
Assembly pitch (cm) 24.66 
Hydraulic diameter (mm) 3.5 
Cladding material SS 
 
 
Eq. Diameter 4.84 m
0.2m
Upper 
Core 0.35m DU
Radial R
0.35m MOX 1
0.4m DU
0.35m MOX2
0.2m
Lower 
Core
Upper Reflector
Lower Reflector
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4.1.6. Core Design Specifications and Fuel Loading Patterns 
Tentative core design specifications have been determined with the fuel assembly 
design explained in Section 3.2. The average linear heat rate, active core height and the 
number of fuel assemblies were determined with considerations of the target core thermal 
power of 2,400 MW as summarized in Table 4.3. The short active core height of 1.3 m is 
intended for attaining negative void characteristics with large neutron leakage under 
voided condition. As a result, the core average power density is 101 W/cc, which is 
equivalent to that of the current Pressurized Water Reactor (PWR). 
 
Table. 4. 3 Core design specifications  
Design parameters Design specification 
Thermal power ( MWt) 2400 
Core average power density (W/cc) 101 
Average LHGR (kW/m) 16 
Number of fuel assemblies 349 
Active height / equivalent diameter (m) 1.3 / 4.84 
Operating pressure (MPa) /  25  
Inlet temperature (°C) 280 
Cycle length (days) 350 
 
The core pressure and inlet coolant temperature are tentatively determined as 25 MPa 
and 280 °C, respectively, by referring to the past core design study (Yamaji A.et al.,2005. 
The core calculation method described in Section 2.2 allows designs of fuel shuffling 
schemes for the upper and the lower core independently. In this study, first, the core is 
designed with the test fuel shuffling scheme as shown in Fig. 4.2 for both the upper and 
the lower cores. The number of fuel batches and the cycle length are tentatively 
determined as 4.2 and 350 days, respectively. 
Then, in order to investigate the influence of fuel shuffling in multi-axial layers , the 
upper core fuel shuffling was replaced with a simple one batch refueling scheme (i.e., all 
upper fuel assemblies are discharged at the end of each cycle). 
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flux of around 650 kg/m2/s and short core height. These characteristics are almost the 
same for both cores. However, consequently, this low coolant mass flux leads to rather 
poor heat conductance at the fuel rod cladding surface. Hence, a large coolant flow rate 
is required to meet the MCST design criterion for a given coolant enthalpy rise. As a 
result, the average coolant outlet temperature of the proposed design is limited to around 
pseudocritical temperature as can be seen from Fig. 4.4, which show axial profiles of 
average channel coolant temperature for all the fuel assemblies in the 1/6 symmetric core.  
 
Fig 4. 4 Coolant temperature distribution in average channels at EOEC (fuel shuffling in 
multi-axial layers core). 
 
In the meantime, as shown by Fig. 4.5, the cladding surface temperature of the hot 
channels in these fuel assemblies attain high values in the MOX fuel layer regions. For a 
given heat transfer coefficient, the temperature difference between the heated wall surface 
(cladding surface) and the bulk coolant temperature is proportional to the local heat flux. 
Hence, for a given ALHGR (i.e., for a given coolant enthalpy rise) MLHGR needs to be 
reduced (axial power peaking needs to be reduced) from the viewpoint of attaining high 
average outlet temperature. These results also indicate that MLHGR needs to be reduced 
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from the viewpoint of attaining high average outlet temperature. It should be mentioned 
that MLHGR of the preliminary design (60 kW/m) is far greater than the design limit (39 
kW/m). 
 
Fig 4. 5 cladding surface temperature of the hot channels 
 
The average core outlet temperature can be increased by revising fuel shuffling 
schemes because the current preliminary design shows significant radial power 
fluctuations from BOEC to EOEC, which should be avoided by design. 
Thus the current preliminary design requires further study to satisfy the design criteria 
and improve core performance. 
The Radial power distributions for the fuel shuffling in multi axial layers are shown in 
Fig 4.6. The radial power peaking is reduced from 1.25 at BOEC to 1.18 at EOEC. 
 
 275
 325
 375
 425
 475
 525
 575
 625
 675
 0.20  0.32  0.50  0.63  0.83  0.96  1.14  1.20  1.38  1.50
C
S 
T
em
pe
ra
tu
re
 (
 o
C
 )
Core Height (m)
 1  2  3  4  5  6  7  8  9  10
 11  12  13  14  15  16  17  18  19  20
 21  22  23  24  25  26  27  28  29  30
 31  32  33  34  35  36  37  38  39  40
 41  42  43  44  45  46  47  48  49  50
 51  52  53  54  55  56  57  58  59
43 
 
 
Fig 4. 6 The radial power distribution (fuel shuffling in multi-axial layers core). 
 
4.1.8. Conclusions 
Preliminary study has been carried out to propose a new flexible core design concept 
with fuel shuffling in multi-axial layers for Super FBR. The key design parameters to 
achieve high breeding (short CSDT) were investigated with fully coupled neutronics and 
thermal-hydraulics core calculations. Refueling batch number in the upper core was found 
to be an influential parameter. 
The investigation shows a promising core design that however requires additional 
design work. 
 
4.2 Five Layered Core Design Concept 
4.2.1. Method 
By referring to the preliminary study in chapter 4.1.2, the same design criteria is 
determined and also considered in the neutronics and thermal-hydraulics coupled three-
dimensional core calculations. 
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4.2.2. Boundary conditions 
In the previous study, the axial core configuration as shown in Fig 4.1, fuel composition 
of burnup was tabulated with the same coolant density about 166.5 kg/m3. While this 
study considers the different fuel composition because it expected to have a substantial 
change in the coolant density along the axial direction. Table 4.1 shows coolant density 
history for each layer. The axial configurations of reference core design is shown in 
Fig.4.7. 
While in table 4.2., the core height and equivalent core diameter are 1.4m and 4.84m 
respectively which consist of 631 fuel rods with 9.05 mm, cladding thickness 0.55mm 
and keep minimal coolant density with gap size 0.5mm. The cycle length is tentatively 
determined about 400 days.   
Base on Fig 4.7 will be evaluated the influence of coolant density change on the 
breeding performance. So, the influence of fuel shuffling in multi-axial layers will be 
investigated on the upper blanket and lower blanket separately. That is, firstly, upper 
blanket fuel batch number is changed while lower core batch number is kept (unchanged) 
and then secondly, Lower blanket fuel batch number is changed while upper core bath 
number is kept (unchanged).  
 
Table 4. 5 Coolant density history for each layer 
 
Coolant 
Temperature (°C ) 
Density(kg/m3) at 
pressure 25 MPa 
Upper Blanket 494 91.471 
Upper MOX 454 106.88 
Inner Blanket 404 156.56 
Lower MOX 393 194.04 
Lower Blanket 385.15 306.89 
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Table 4. 6 Boundary conditions 
Type and conditions Specifications 
Core Height (m) / Pressure (MPa) 1.4 / 25 
Equivalent Core Diameter (m) 4.84 
Number of Fuel Assemblies / fuel rods 349 / 631 
Assembly pitch (mm) 246.6 
Inlet Temperature ( ℃) 385 
Rod Diameter (mm) 9.05 
Cladding Thickness (mm) Stainless Steel 0.55 
Gap size (mm) 0.5 
P/D ratio / Vm/Vf ratio 1.055 / 0.35 
Cycle length (days) 400 
4.2.3. Reference core design 
The following is the axial core configuration of the reference core design which is 
shown in Fig 4.7 (Noda et al., 2018). The fuel shuffling loading pattern of the reference 
core is shown in Fig. 4.8. 
The reference core design was studied to evaluating influence of fuel shuffling in multi-
axial layers. So that, it may needed some characteristics of design improvement (Noda et 
al., 2018). 
In the reference core design, the fresh fuels were loaded near the core-periphery and 
fuel shuffling patterns were determined so that the loaded fuels were gradually moved 
towards the core center. Such shuffling patterns are often referred as out-in fuel shuffling 
style and it is favorable from the viewpoint of flattening the radial core power distribution. 
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&KDUDFWHULVWLFVRIWKHUHIHUHQFHGHVLJQLVQHFHVVDU\
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
Eq. Diameter 4.84 m
0.2m
Upper 
Core 0.2m Upper Blanket
0.3m Upper MOX 
0.4m Inner Blanket
0.3m Lower MOX
0.2m Lower Blanket
0.2m
Upper Reflector Radial Reflector
Lower 
Core
Lower Reflector
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Table 4. 7 Summary of core characteristics of the reference core 
Core characteristic  Result 
Thermal power [MWt] / Mwe 2774 / 1165 
Operating pressure[MPa] 25 
Ave.Disch Bu [upper/lower/Total] GWd/t 7.2 50.9 / 43.5  
MLHGR / Av LHGR [kW/m] 37.7 9.0  
Inlet / Outlet temperature / MCST [℃] 295 427 / 650  
Inlet / Ave.outlet Coolnat density [kg/m3] 752.3 124.8  
Core flow rate[103ton/h] / [kg/s] 8.4 1818  
Pu Enrithcment [wt%] (upper/lower) 25 25  
Cycle length[day] 400   
Void reactivity(BOEC/EOEC)[10-4 %⊿k/k/%void] 0.94 -1.63  
FPSR 1.006   
Radial Power Peaking (BOEC/EOEC) 1.31 1.27  
Local Peaking (BOEC/EOEC) 1.89 1.84  
RDT 187.0   
EF 2.56   
CSDT[year] 351   
K_eff (EOEC) critical   
Batch Number (upper/lower) 2.8 2.8  
Ratio (B / M) 1.33   
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is shown in Fig.4.14. 
 
 
 
Table 4. 8 Characteristicss of the improved core design 
Core characteristic  Result 
Batch Number (upper/lower) 7.4 5.9  
Thermal power [MWt] / Mwe 2389 
Operating pressure[MPa] 25 
Ave.Disch Bu [upper/lower/Total] GWd/t 15 52 / 47  
MLHGR / Av LHGR [kW/m] 33.19 7.75  
Inlet/Outlet temperature[℃] 385 492  
Inlet / Ave.outlet Coolnat density [kg/m3] 309 92  
Thermal eff [%] 42   
Core flow rate[103ton/h] / [kg/s] 8.86 2462  
Pu Enrithcment [wt%] (upper/lower) 25 28  
Cycle length[day] 400   
Void reactivity(BOEC/EOEC)[%⊿k/k/%void] -0.0121 -0.0162  
FPSR 1.020   
Radial Power Peaking (BOEC/EOEC) 1.5 1.42  
Local Peaking (BOEC/EOEC) 3.16 2.55  
RDT 54.7   
EF 1.78   
CSDT[year] 73.88   
K_eff (EOEC) Critical    
Ratio (B / M) 1.45   
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 

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CHAPTER 5  CONCLUSIONS 
  This thesis has revealed the main issues associated with improvement of the Super FR 
core design with respect to both the neutronics characteristics (primarily, breeding 
capability, which is represented by CSDT) and the thermal-hydraulics characteristics 
(average core outlet temperature) and have shown the improved design concepts.  
Large heterogeneity with seed and blanket is necessary to achieve high breeding with 
supercritical water cooling, because of some inevitable neutron moderations. Such 
heterogeneity is the cause of deterioration in thermal performance, namely the core 
average coolant outlet temperature, when seed and blanket assemblies are arranged, 
due to power to flow mismatch by power swing of these fuel assemblies. The alternative 
approach of configuring a core with seed and blanket layers in the axial direction of the 
core can avoid such problems. Furthermore, the concept of fuel shuffling in multi-axial 
layers can improve compound system doubling time (CSDT) of the core by allowing 
discharge of blanket layers at appropriate burnup. Due to the large coolant density 
change in the core axial direction, one way to promote breeding with this concept is to 
apply small fuel batch number to the lower blanket independently from the rest of the 
core. However, limitation in the improvement is also revealed as the independent fuel 
shuffling is currently applied to only one of the three blanket layers. More investigations 
may be necessary to further develop the concept, which achieves both high breeding 
and high core outlet temperature. 
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Nomenclatures  
D Fuel rod diameter, cm 
E Young’s modulus, Pa 
Pcollapse Buckling collapse pressure, Pa 
P/D Pitch to Diameter ratio 
t Cladding thickness, cm 
Vm/Vf Moderator to fuel volume ratio 
 
Greek letters  
ϕ  scalar variable 
λ coefficient 
ρ density, kg/m3 
µ  viscosity, Pa·s 
 
Superscript/subscript 
b                  bottom 
dc                 decomposition  
s solidus 
tr                  transition 
* temporal 
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Abbreviation 
ALHGR Average Linear Heat Generation Rate, kW/m 
BOEC Beginning of Equilibrium Cycle 
BL Blanket layer 
BWR Boiling Water Reactor 
CSDT Compound System Doubling Time (year) is time required for a system of 
identical breeder reactors to double the fissile material in the system, assuming 
that the number of reactors is increasing at a rate such that all of the fissile material 
is being utilized 
DU Depleted Uranium 
EOEC End of Equilibrium Cycle  
Ex-core factor out-of-reactor (or ex-reactor) factor 
FBR Fast Breeder Reactor 
FPSR Fissile Plutonium Surviving Ratio 
HFF Heterogeneous Form Factor 
LWR Light Water Reactor 
MCST Maximum Cladding Surface Temperature, °C 
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MLHGR Maximum Linear Heat Generation Rate, kW/m 
MOX Mixed Oxide Fuel 
PCMI Pellet Cladding Mechanical Interaction 
Puf Fissile Plutonium 
PWR Pressurized Water Reactor 
P/D pitch per diameter 
RDT Reactor Doubling Time (year) is time required for a specific reactor to produce 
enough fissile material in excess of its own fissile inventory to fuel a new, 
identical reactor 
SCWR Supercritical Water-Cooled Reactor 
SFRs Sodium-Cooled Fast Reactors 
SD Seed layer composed of mixed oxide fuel 
TLFA Tight Lattice Fuel Assembly 
TPFA Tightly Packed Fuel Assembly 
ZrH Zirconium Hydride  
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